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Introduction

Summary

Common variable immunodeficiency (CVID) is a primary immunodeficiency
that typically affects adults and is characterized by abnormalities of quanta-
tive and qualitative humoral function that are heterogeneous in their immu-
nological profile and clinical manifestations. The recent identification of four
monogenic defects that result in the CVID phenotype also demonstrates that
the genetic basis of CVID is highly variable. Mutations in the genes encoding
the tumour necrosis factor (TNF) superfamily receptors transmembrane acti-
vator and calcium-modulating ligand interactor (TACI) and B cell activation
factor of the TNF family receptor (BAFF-R), CD19 and the co-stimulatory
molecule inducible co-stimulator molecule (ICOS) all lead to CVID and illus-
trate the complex interplay required to co-ordinate an effective humoral
immune response. The molecular mechanisms leading to the immune defect
are still not understood clearly and particularly in the case of TACI, where a
number of heterozygous mutations have been found in affected individuals,
the molecular pathogenesis of disease requires further elucidation. Together
these defects account for perhaps 10—15% of all cases of CVID and it is highly
likely that further genetic defects will be identified.
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been identified. Specific IgA deficiency (IgAD) has a preva-
lence of ~1 : 600 individuals in the western world and symp-

Primary immunodeficiencies are a highly heterogeneous
group of monogenic diseases that range in the severity of
clinical symptoms and in the degree of disease prevalence.
Over the last 20 years, elucidation of the underlying genetic
defect has led to major advances in understanding the
molecular and cellular basis of disease pathogenesis and has
also led to improvements in genetic diagnosis, prediction of
disease prognosis and the development of gene therapy for
specific conditions. Moreover, these diseases have been enor-
mously informative in understanding the role played by spe-
cific molecules in the immune system and have guided our
interpretation of the complex interplay present in many
immunological systems.

Of the many primary immunodeficiencies, antibody defi-
ciency syndromes are among the most common and yet it is
only very recently that gene defects in these conditions have
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tomatic individuals often have deficiency of IgG subclasses
and failure of specific responses to carbohydrate antigens in
addition to defects of IgA production [1]. Common variable
immunodeficiency (CVID) has a prevalence of approxi-
mately 1:25 000 in Europeans and is defined clinically and
immunologically by low serum immunoglobulin concentra-
tions of one or more isotypes [2], defective specific antibody
responses and clinically increased susceptibility to bacterial
infections [3]. Approximately 20% are complicated by
autoimmune manifestations and lymphoproliferation with
splenomegaly seen in one-third of patients. Cellular and
immunological defects in CVID are variable and include
abnormalities of B cell survival, decreased frequency of
circulating CD27* memory B cells, failure of isotype switch-
ing to IgA and IgG and defective B cell activation [4,5].
Further studies highlight the inability to mount responses to
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polysaccharide antigens, which may be related to the absence
of marginal zone IgM memory B cells in a subgroup of CVID
patients [6].

Genetic inheritance of CVID

In keeping with the heterogeneous cellular and immunologi-
cal defects, the inheritance of CVID is also very variable.
Although the majority of cases are sporadic, familial patterns
of inheritance are seen in ~10-20% of cases [7]. Most
multiplex CVID families show an autosomal dominant
pattern of inheritance, but autosomal recessive inheritance is
also seen in a significant minority. In a number of families,
IgAD and CVID co-exist and furthermore some individuals
with IgAD progress to a CVID phenotype, suggesting that at
least in some pedigrees, the two conditions share a common
genetic aetiology [8]. Initial genetic studies which combined
analysis of patients with both CVID and IgAD identified the
existence of a susceptibility locus in the MHC region of
chromosome 6 [9,10]. Further fine-mapping studies on
IgAD families confirmed more clearly the existence of a sus-
ceptibility locus at chromosome 6p termed IGADI [11]. A
subsequent study by the same group suggested that the
major susceptibility determining locus was at human leuco-
cyte antigen D-related (HLA DQ-DR), although this same
study identified non-MHC susceptibility loci on chromo-
somes 4p, 12p and 14q [7]. The heterogeneity of the genetic
basis of CVID is highlighted further by more recent studies
which have identified susceptibility loci at 16q, and 4q in a
number of different multiplex families [12,13].

CVID arising from defects in genes associated with
other primary immunodeficiency diseases (PIDs)

The genetics of CVID is complicated further by a number of
observations which demonstrate that the phenotype associ-
ated with mutations in certain known genes can, itself, be very
variable. Mutations in Btk result typically in complete agam-
maglobulinaemia with a total lack of peripheral B cell devel-
opment and hence classical X-linked agammaglobulinaemia
(XLA), but in a small number of cases less severe B cell defects
arise from Btk mutations and may mimic the CVID pheno-
type [14]. Similarly, defects in the intracellular adapter mol-
ecule SAP lead to X-linked lymphoproliferative disease,
which can present in a number of ways including hypogam-
maglobulinaemia [15]. Other gene defects which may lead to
a CVID phenotype in a small number of phenotypic variants
include the genes associated with hyper-IgM syndromes and
defects in class-switching recombination (CSR); CD40,
CDA40L, activation-induced cytidine deaminase (AID) and
uracil-N-glycosylase (UNG). Studies in which systematic
analysis of CVID patients has been undertaken do, however,
suggest that the incidence of defects in these genes is likely to
be low and can in some cases also be discerned through a
characteristic pedigree or family history [16,17].
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Fig. 1. Inducible co-stimulator molecule (ICOS) : ICOS-L signalling
can results in multiple pathways. Like CD28, ICOS can bind to the

p85 subunit of phosphatidylinositol 3-kinase (PI3K) resulting in
activation of lipid kinase (PDK1, PKB/Akt). ICOS can activate
mitogen-activated protein kinases (MAPKs) and nuclear factor-kappa
B (NF-xB) resulting in increased transcription of interleukin (IL)-10,
IL-4 and interferon (IFN)-v, prevention of cell death and
up-regulation of cell metabolism. ICOS can also up-regulate CD40-L.

Opver the last 5 years, four monogenic defects leading spe-
cifically to the CVID phenotype have been identified. These
defects illustrate the multiple complex pathways involved in
the co-ordination of an effective humoral immune response
and emphasize the crucial roles played by these specific mol-
ecules. These recent developments also suggest that as more
genetic causes are defined, CVID will no longer be a specific
disease entity but will exist as a group of monogenic defects
sharing similar immunological and clinical phenotypes.

Inducible co-stimulator molecule (ICOS) deficiency

Activation of immature T cells into effector T cells through
the T cell antigen receptor (TCR) complex requires the
binding of cell surface co-stimulatory proteins such as CD28
and CTLA-4 binding to surface B7 receptors CD80 (B7-1)
and CD86 (B7-2) on antigen-presenting cells (APCs). ICOS
belongs to the CD28 family of immunoglobulin-like
co-stimulatory surface molecules. ICOS is expressed only on
activated T cells and is involved in the release of cytokines
interleukin (IL)-4, IL-5, IL-6, tumour necrosis factor
(TNF)-0, interferon (IFN)-y and granulocyte—macrophage
colony-stimulating factor (GM-CSF), but in particular in the
superinduction of IL-10, which leads to terminal differentia-
tion of B cells to memory and plasma cells [18] (Fig. 1).
ICOS lacks the B7 binding MYYPPPY motif present in CD28
and CTLA-4 and binds a unique receptor, ICOS-L (B7RP-1,
B7h, GL50, LICOS or B7-H2) which is expressed constitu-
tively as a monomer on APC, including naive B cells [19].The
ICOS : ICOSL signalling pathway plays a pivotal role in T
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helper 1 (Th1) and Th2 cell activation and in T cell-B cell
co-operation. During early T cell activation by antigens,
ICOS regulates Th2 cell differentiation by enhancing
NFATc] expression and initial IL-4 production which, in
turn, regulates c-Mac expression [20]. In vivo studies show
that ICOS is highly expressed within the T cell zones of
secondary lymphoid organs and in the apical light zone of
germinal centres (GCs), where T cells induce differentiation
of B cells into memory cells and Ig secreting plasma cells
[18,21].

Evidence that ICOS : ICOSL is a unique receptor—ligand
pair is given by the fact that both ICOS™ and ICOS-L™" mice
show the same defects in T helper cell response and impaired
humoral immunity. In particular, after secondary immuni-
zation, both ICOS™ and ICOS-L™~ mice show reduced levels
of serum IgE and IgGl and defects in GCs formation
[22-26].

Human ICOS deficiency was first described in 2003 by
Grimbacher et al. [27]. Four patients from two unrelated
families were found to carry a genomic homozygous dele-
tion of exons 2 and 3 of the human ICOS gene resulting
in a frameshift and a truncated protein of 28 amino acids,
and resulting in complete loss of ICOS protein expression
on the patients’ activated T cells. All four patients were
diagnosed with CVID and were hypogammaglobulinaemic
with a decreased amount of all Ig classes resulting in recur-
rent bacterial infections. In these patients B cell numbers
were reduced, with a considerable decrease in CD27IgM~
IgD™ switched memory B cells and naive CD27 IgM*IgD".
Subsequent analysis of five further individuals including
children revealed that total peripheral B cells, as well as
naive B cells, were normal in number in children but
showed a decrease in adults. Switched memory B cells were
diminished in both children and adults. The phenotype
and function of CD4" T cells were normal, but the secre-
tion of IL-10 and IL-17 was impaired [28]. These data
strengthen the role of ICOS on activated T cells as an
important regulator of late B cell differentiation, class
switching, B cell memory formation and Ig production.
Analysis of the few switched B cells in ICOS-deficient
patients shows, however, that somatic hypermutation is
relatively well preserved, suggesting that ICOS is necessary
for T-B cell-mediated class switch recombination but not
for somatic hypermutation.

In total, nine patients from four families have been iden-
tified with ICOS mutations and all carry the same large
homozygous deletion [29,30]. ICOS deficiency is therefore
an autosomal recessive disorder, and all four families are
most probably descendent from a common founder, as all
ICOS-deficient patients carry the same homozygous haplo-
type at the D252289 locus close to ICOS. The geographical
location of all nine affected individuals also suggests a
common founder and migration along the river Danube.
Opverall, the incidence of ICOS deficiency has been estimated
in approximately 5%.

© 2007 The Author(s)

More recent studies confirm that ICOS plays a critical
role as a co-factor for B cell help during T dependent anti-
body responses. As in ICOS™ mice, in ICOS-deficient
patients the formation of GCs is impaired and the GC reac-
tion abrogated [28]. This may be due to the low secretion of
IL-10 by ICOS-deficient CD4" T cells, resulting in severely
reduced numbers of CD27" memory B cells and lack of
plasma cells in the peripheral lymphoid organs of ICOS-
deficient patients [28]. In particular, the GC-specific
CD57'CXCR5" T cell subpopulation normally producing
elevated levels of IL-10 was absent in ICOS-deficient
patients, and the number of circulating CXCR5" T cells was
also reduced compared to healthy donors [31]. In addition,
Rasheed et al. [32] describe a subpopulation of terminally
differentiated CXCR5" follicular helper T (Tru) cells char-
acterized by high levels of expression of CXCR5 and ICOS,
named ICOS" CXCR5" T cells. Taken together, these studies
suggest a pivotal role of ICOS in the development of the GC
Tey cells explaining the impaired formation of GCs in
human ICOS-deficiency, as well as the reduced number of
switched memory B cells and the lack of plasma cells in the
lymphoid organs of these patients.

CD19 deficiency

B cell development and differentiation is critically dependent
upon signal transduction through the B cell antigen receptor
(BCR). Co-receptors associated with the BCR can modulate
BCR signal transduction positively or negatively and in so
doing influence B cell fate decisions at multiple stages of
development. The CD19 molecule, together with CD21,
CD81 and CD225, forms a BCR co-receptor complex that
functions to lower the threshold for BCR signalling follow-
ing antigen engagement [33,34]. This complex also acts as a
link between the innate and adaptive immune systems and a
mechanism by which complement-bound antigen can direct
an adaptive T cell-dependent response. The CD21 compo-
nent of the co-receptor complex contains a highly conserved
extracellular motif that binds to C3d(g) bound antigen. In
contrast, the CD19 molecule has two Ig-like extracellular
domains and a cytoplasmic tail with motifs capable of
binding the phosphotyrosine kinase, Lyn and PI3 kinase
[34]. In this way CD21 serves as the ligand binding subunit
that then links the recognition of antigen by complement to
the signalling function of CD19. In CD197" mice a variety of
defects of B cell development and function have been iden-
tified [35]. CD197" show normal B cell development in the
bone marrow, but exhibit marked abnormalities in B-1, mar-
ginal zone (MZ) and germinal centre B cells. CD197 B cells
also show a reduction in serum immunoglobulin production
and a profound defect in response to T cell-dependent
protein antigens. More recent data highlight the importance
of the CD19 cytoplasmic signalling domain and in particular
the role of PI3 kinase. Transgenic mice expressing a CD19
molecule with mutations in the cytoplasmic tail tyrosines
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482 and 513 (Y482/Y513) [the binding sites of the p850 unit
of phosphatidylinositol-3 kinase (PI3K)], show abnormali-
ties of germinal centre B cell differentiation, maturation and
proliferation [36]. These defects lead to a failure of produc-
tion of specific antibodies after a primary response and a
failure of high-affinity antibody production after TD antigen
boosting. These defects were localized further to the follicu-
lar dendritic cell (FDC) zone of the germinal centre and
suggest disruption at an early stage in GC B cell
differentiation.

Four individuals from two unrelated consanguineous
pedigrees (three individuals were siblings from the same
family) have now been identified with mutations in CD19
[37]. All four presented in childhood with recurrent bacterial
infections and on investigation were found to be hypogam-
maglobulinaemic ~ with  abnormal isohaemagglutinin
production. Peripheral B cells were detected at normal
numbers by surface expression of CD20, but in contrast
CD19 expression was undetectable in one patient and barely
detectable in the other three. Sequencing of the CD19 gene
in one patient (P1) showed a single base pair (bp) insertion
causing a frameshift and premature stop codon in the proxi-
mal region of the intracellular domain, thereby removing the
majority of the intracellular domain. In the other three
patients (patients 2, 3, 4), a homozygous 2 bp deletion again
caused a frameshift mutation, and a premature stop codon
again deleting a major part of the intracellular domain.
Importantly, both mutations led to the production of pro-
teins lacking the C-terminal tyrosine residues critical for
CD19 signal transduction. Expression of intracellular CD19
protein was absent or decreased significantly, thereby con-
firming the flow cytometric expression results. Decreased
CD19 expression led to a concomitant reduction in CD21
levels, although the expression of the other members of the
co-receptor complex, CD81 and CD225, were normal.

Analysis of B cell compartments showed relatively normal
numbers of B cells in the marrow with a normal distribution
of precursor populations and normal B cell numbers in the
periphery. All four patients had decreased numbers of CD5 B
cells and reduced CD27* memory B cells in comparison to
age-matched healthy controls. Germinal centre formation
was normal and in contrast to the murine knock-out model,
somatic hypermutation in the small memory B cells showed
patterns that were comparable to controls. However, B cells
from CD19 patients exhibited defective calcium fluxes fol-
lowing IgM stimulation and P1 demonstrated poor prolif-
eration following SAC (Staphyllococcus aureus Cowan I)
stimulation. Rabies vaccination in all patients showed a sig-
nificantly decreased secondary antibody response with poor
avidity antibody formation.

In summary, the data suggest that CD19 mutations in
these patients lead to relatively normal B cell development
but the lack of CD19 signal transduction results in a poor
response to antigenic stimuli and an inability to mount an
effective humoral response. Unlike transmembrane activator

404

C. Bacchelli et al.

and calcium-modulating ligand interactor (TACI) defects
(see below), no autoimmune features or signs of lymphop-
roliferation were evident in either the four patients described
or in murine CD197 strains [35,38].

TACI deficiency

Differentiation of mature B cells into effector cells capable
of specific humoral immunity is strictly regulated. Tumour
necrosis factor receptor superfamily (TNFRSF) members
play important and diverse roles in the regulation of acti-
vation and apoptosis for specific cells of the immune
system. CD40 (TNFRSF5) has important roles in B cell pro-
liferation, differentiation and immunoglobulin isotype
switching and mutations in CD40 lead to an autosomal
recessive form of hyper-IgM syndrome [39]. CD95 or Fas
(TNFRSF6) is a pro-apoptotic molecule which, if mutated,
leads to autoimmune lymphoproliferative syndrome
(ALPS) [40]. It is now evident that the survival and func-
tion of transitional and mature B cells is dependent upon
another group of TNFRSF members. TACI [transmem-
brane activator and calcium modulator and cyclophilin
ligand (CAML) interactor] and BCMA (B cell maturation
antigen; TNFRSF17) are both expressed on B cells and
interact with the ligands BAFF (B cell activation factor of
the TNF family receptor) and APRIL (a proliferation-
inducing ligand). BAFF also interacts with a unique recep-
tor, BAFF-R (TNFRSF13C) [41,42].

The extracellular domains of BAFF-R, TACI and BCMA
contain a cysteine-rich domain (CRD). BAFF-R and BCMA
contain one CRD while TACI contains two domains (CRD1
and CRD2), although the N-amino terminal CRD1 of TACI
is probably dispensable and CRD?2 alone can mediate ligand
binding and cell signalling [43] (Fig. 2a,b). Crystal structure
analysis shows that the CRDs form a short B-hairpin struc-
ture within which is located a common feature termed the
DXL motif, a conserved 6-residue sequence, essential for
ligand binding. While the hairpin alone is sufficient for BAFF
binding, binding to APRIL requires a specific hydrophobic
core that is present in TACI and BCMA but not in BAFF-R
[43]. Following ligand binding, the intracellular domain of
TACI can bind a number of TNF-associated factors (TRAFs)
through two consensus TRAF binding sequences (Fig. 2a,b).
In experimental systems TACI can bind TRAF-2, -5 and -6
and TRAF activation results in activation of nuclear factor-
kappa B (NF-xB) and Jun amino terminal kinases [44]. The
carboxy terminal portion of the TACI intracellular domain
interacts with CAML up-regulating calcineurin and leading
to NF-AT (nuclear factor of activated T cells transcription
factor) dephosphorylation and nuclear translocation [45]
(Fig. 2b). TACI, like other TNFRSF members such as Fas,
requires ligand-induced trimerization or oligomerization for
optimal signalling as TRAF molecules bind weakly to a single
receptor but bind with high affinity to trimeric TNFRSF
receptor complexes (Fig. 2b).

© 2007 The Author(s)
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Fig. 2. (a) Genomic organization and protein structure of
transmembrane activator and calcium-modulating ligand (CAML)
interactor (TACI). The gene encoding TACI, TNFRSF13B, consists of
five exons (represented by boxes and not in scale) and codes for a 293
amino acids protein. TACI contains cysteine-rich domains 1 and 2
(CRD1 and CRD2) in the extracellular domain of TACI and binding
sites for tumour necrosis factor (TNF)-associated factors (TRAFs -2,
-5 and -6) and calcium modulator and cyclophilin ligand (CAML) in
its intracellular domain. The highly conserved DXL motif is located in
the CRD2 domain. An alternative splicing can occur, giving rise to a
short TACI protein lacking the CRD1. (b) B cell activation factor of
the TNF family receptor (BAFF) and a proliferation-inducing ligand
(APRIL) bind to the CRD2 of TACI trimers. Intracellular signalling
though CAML and TRAFs results in activation of nuclear factor of
activated T cells transcription factor (NF-AT) and nuclear
factor-kappa B (NF-kB).

TACI is expressed on all human peripheral B cells and is
expressed preferentially on late transitional B cells and mar-
ginal zone B cells. Although the functions of the various
receptors and ligands do overlap, in vitro studies and analysis
of knock-out murine models allows us to attribute non-
redundant functions to specific molecules (summarized in
Fig. 3). In BAFF/BAFF-R/TACI/APRIL/BCMA knock-out
mice, early B cell development in the bone marrow is unaf-
fected but on exiting the bone marrow, transitional T1 and
T2 splenic B cells are dependent upon BAFF/BAFF-R-
mediated survival, as deletion of either of these genes results
in a significant reduction of mature B cells in the circulation

© 2007 The Author(s)

and in lymphoid organs [46—48]. In contrast, TACI-deficient
mice show increased numbers of B cells and develop autoim-
mune manifestations with systemic lupus erythematosus
(SLE)-like symptoms, lymphoproliferation with splenom-
egaly and development of lymphoma in 15% of mice, sug-
gesting that TACI acts as a negative regulator of B cell
development [38,49,50]. Total antibody production is mildly
impaired in BAFF-R-deficient mice but T cell-independent
type II (TI-II) responses are retained, whereas this response
is impaired severely in TACI-deficient mice, suggesting that
TI-II responses are mediated predominantly by TACI.
Isotype class-switching, especially to IgA, in response to
APRIL is abnormal in TACI-deficient mice and identifies
a role for the APRIL-TACI interaction in IgA class-switch
recombination [38]. The dependence of IgA CSR on an
APRIL/TACI signal is supported further by defective IgA
CSR in APRIL-deficient mice [51] and by elevated serum
levels of IgA in APRIL transgenic mice [52]. These murine
data are corroborated by studies on human B cells in which
TACI expression was down-regulated by TACI-specific
siRNA, and which again show that TACI/APRIL signalling is
necessary for IgA production but also highlights the syner-
gistic role played by APRIL binding to heparin sulphate pro-
teoglycans [53]. BCMA-deficient mice, by contrast, show no
significant defects in B cell production or antibody produc-
tion [54]. These defects of B cell function and homeostasis,
Ig production, class-switch recombination and impaired T
independent responses in BAFF-R- and TACI-deficient mice

BAFF-R Proteoglycans BCMA

IgA isotype
switching

Plasma cell survival

| |

TI- type Il responses

B cell survival
Plasma cell survival
Isotype switching

Isotype switching
B cell homeostasis

Fig. 3. Interactions of B cell activation factor of the TNF family
receptor (BAFF) and a proliferation-inducing ligand (APRIL) with
their receptors BAFF-R, transmembrane activator and
calcium-modulating ligand (CAML) interactor (TACI) and B cell
maturation antigen (BCMA) control B cell development and
homeostasis. BAFF binds to BAFF-R, TACI and BCMA, while APRIL
binds only to TACI and BCMA. The functional outcomes of BAFF
and APRIL interactions with their receptors are listed. Simultaneous
binding of APRIL to TACI and heparan sulphate proteoglycans
mediates IgA production.
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are similar to the immunological abnormalities observed in
CVID. Further, the autoimmune and lymphoproliferative
manifestations seen in TACI-deficient mice are also seen in a
subset of CVID patients and have thus led to the further
study of these molecules in this disease.

Two studies have identified mutations in TACI in two
different cohorts of patients with CVID and IgAD [55,56].
As suggested previously, the same mutation within a pedi-
gree led to CVID or IgAD in different individuals and sug-
gests that the two immunological phenotypes are variants of
the same gene defect. The inheritance pattern in the patients
and pedigrees analysed was complex. Simple heterozygous,
compound heterozygous and homozygous mutations have
all been identified, with simple heterozygous changes the
most frequent, implying both autosomal dominant and
recessive patterns of inheritance. The mechanism by which
simple heterozygous mutations exert a pathogenic effect is
unclear. Assembly of trimeric TACI complexes is necessary
for effective signalling and the recruitment of specific TRAFs
to the TACI-cytoplasmic domain [44]. The presence of a
mutant TACI allele may lead to the formation of trimeric
receptor complexes containing both wild-type and mutant
receptors, with the mutant exerting a dominant negative
effect, although at present there are no data to support this
model. Heterozygote TACI"~ mice show a normal phenotype
but are not a good comparative model, as in these mice the
TACI mutation results in complete loss of mutant protein
expression. The most common CVID mutation identified is
a 310T—C nucleotide substitution resulting in a C104R
(cysteine 104—arginine) substitution in TACI exon 3
[55,56]. This mutation, found in the extracellular domain,
disrupts a disulphide bond with C93 that is required for the
formation of the CRD2 of TACI. In B cells from a patient
with a homozygous C104R mutation, BAFF/APRIL binding
was shown to be abolished, whereas in heterozygotes,
binding of APRIL was preserved. Expression of the mutant
in heterologous cell lines demonstrates clearly that the
mutant form is stably expressed. The functional conse-
quences of this mutation in the heterozygous state are there-
fore unclear, but are likely to relate to defective assembly of
wild-type/mutant receptor complexes that interfere with
normal binding and abrogated downstream signalling.
Indeed, transfection of wild-type and mutant TACI forms
into 293T cells to generate the heterozygous phenotype sug-
gests that trimeric complexes containing both species can
form and bind ligand but are unable to generate appropriate
downstream signals [57].

Within our own patient cohort we have also identified a
number of mutations not described previously that may
allow us to dissect TACI function in more detail. In one
individual, a single nucleotide insertion after nt572 leads to a
premature stop and disruption of the amino acid sequence
of the intracellular TACI domain and is predicted to abro-
gate intracellular signalling through TRAF and CAML
binding domains. We have also identified two missense

406

C. Bacchelli et al.

mutations in a compound heterozygote. The Y79C (tyrosine
79—cysteine) mutation destabilizes the hairpin structure of
CRD2 and would be predicted to abolish both APRIL and
BAFF binding. The second mutation (I87N; isoleucine
87—asparagine) is potentially more informative, in that I87
forms part of the hydrophobic core unique to TACI which is
essential for binding to APRIL [43]. This mutation is func-
tionally unique among all those described so far in that it
would be predicted to preserve BAFF binding but abrogate
APRIL association, and could thus highlight the importance
of the APRIL/TACI interaction.

Data accumulated from the analysis of large multi-centre
CVID cohorts (over 500 patients analysed) now suggest
that mutations in TACI are found in ~8-10% of CVID
patients (unpublished data, Bacchelli ef al., ESID, October
2006). Simple heterozygous mutations account for the
vast majority of changes, with the CI04R and A181E
missense mutations the most common. A critical factor
in determining the pathogenicity of these changes is their
frequency in the normal healthy population. Our analysis
and those of other groups suggest that these changes are
found in healthy controls, but at a significantly decreased
frequency for C104R. Data on the A181E change are con-
flicting, with data from our initial study showing an inci-
dence in the normal population that is equivalent to that
found in CVID patients, while a larger study combining
European and American cohorts suggests that the incidence
of A181E is greater in the CVID population and therefore
may be pathogenic [58]. Interestingly, in this latter study
both the C104R and A181E changes were not found at a
significantly increased frequency in individuals with selec-
tive IgAD when compared to controls. The finding of these
heterozygous changes in normal individuals questions
whether these heterozygous TACI mutations/changes on
their own are truly pathogenic or if, indeed, they act as
susceptibility or disease-modifying mutations that act in
co-operation with other gene defects. Further functional
data from expression of these mutants in appropriately rel-
evant in vitro and in vivo models are necessary to answer
these clearly important issues. It is also worth noting that
the C104R mutation has been found only in the homozy-
gous form in CVID patients and no controls carrying a
homozygous C104R defect have been identified, again sug-
gesting that this variant is disease-causing, at least in
homozygous form.

While TACI™~ mice showed increased B cell numbers and
B cell hyperreactivity, normal B cell numbers were observed
in TACI-deficient CVID patients. Analysis of the B cell phe-
notype in initial studies suggested a decrease in CD27*
switched memory B cells, but further analysis of large
numbers of patients does not show any distinct B cell
phenotype and no evidence of a genotype/phenotype
correlation. Other characteristic features of the TACI-
deficient murine model are the tendency to lymphoma and
autoimmunity. Lymphoproliferative disease is seen in
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TACI-deficient patients with benign splenomegaly, tonsillar
hyperplasia and follicular nodular hyperplasia of the
gastrointestinal tract. However, these features are also seen in
CVID patients without TACI mutations, and so comparative
data from larger numbers of patients are required before we
can determine whether this is a TACI-specific phenotype.
The high incidence of severe SLE-like autoimmune symp-
toms observed in TACI”~ mice [38] is not seen in humans,
although patients did show a tendency to autoimmune
disease such as hypothyroidism, pernicious anaemia and
autoimmune thrombocytopaenia. Again, data from large
cohorts are required to determine whether these defects are
specifically associated with the TACI mutations.

Defects in BAFF-R

The finding of defects in TACI, together with the under-
standing of the role of BAFF/BAFF-R signalling in B cell
homeostasis and function, has led naturally to the hunt for
BAFF-R defects in CVID patients. Despite the analysis of
large cohorts only one patient, a 60-year-old male with
hypogammaglobulinaemia, has been identified with a
BAFE-R defect [59]. This individual had a 24-bp homozy-
gous deletion in exon 2, which codes for the transmembrane
region of the receptor. Limited information is published at
present, but B cells from the patient expressed no BAFF-R
and detailed B cell phenotyping revealed a block at the tran-
sitional B cell stage and is in keeping with the specific role of
BAFF and BAFF-R in peripheral B cell survival. Other
studies have detected heterozygous sequence variations in
the BAFF-R gene, but these changes were also detected at a
similar frequency in the normal population and are therefore
unlikely to be pathogenic [60].

Summary

CVID has been characterized in many ways, and despite
the variety of clinical, cellular and immunological defects
described, the inability to make specific antibody responses
remains a consistent hallmark of the disease phenotype.
The identification of molecular defects in ICOS, CDI19,
TACI and BAFF-R is entirely consistent with this immuno-
logical phenotype, although each molecule disrupts B cell
maturation, function and differentiation at a different stage.
TACI and BAFEF-R are critical to the maintenance of B cell
homeostasis and have important roles in isotype class-
switching. CD19 deficiency highlights the importance of
antigen receptor signalling, while ICOS deficiency illustrates
the absolute need for T : B cell interaction in co-ordinating
an effective secondary humoral response. The defects iden-
tified in patients with CVID are supported by remarkably
similar findings in the respective murine knock-out models,
highlighting the important conserved roles of these mol-
ecules across species. Although four molecular defects have
now been identified, it is likely that these abnormalities

© 2007 The Author(s)

account for only ~10-15% of all cases of CVID. Our under-
standing of the other molecules in B cell function and
maturation including co-stimulatory molecules, cytokines
and their receptors and other mediators of B cell homeo-
stasis suggests that CVID will eventually (and probably not
before too long) be categorized according to a variety of
different molecular defects.
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